The challenge of o-phenylphenol detection in coffee: how “OPP-conjugates” hide their presence in green and roasted samples
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Abstract
o-Phenylphenol (OPP) is not a commonly used pesticide in the coffee production chain. Although it has only been detected in roasted coffee, it is unlikely that OPP can be formed during roasting. Its acidic nature may lead to the formation of conjugates with natural matrix components. The objective of this study is to optimize an analytical method to discover how these conjugates may mask the presence of OPP in coffee. Sample extraction with hexane followed by basic hydrolysis and then a QuEChERS method allows the presence of OPP to be quantitatively detected via UPLC-MS /MS. The optimized method was applied to the same Arabica coffee (Brazil), and the quantification of comparable amounts of OPP was observed in both green and roasted samples (34.8 vs 32.2 μg/kg). The optimized procedure detected twice the amount of OPP in roasted samples, compared to the QuEChERS method, suggesting that roasting causes the partial hydrolysis of OPP conjugates.
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1. Introduction
There is currently a steady increase in concern about food and pollution. Coffee, as other food and beverages of vegetable origin, can suffer environmental and processing contamination affecting its quality and/or safety; it follows that control agencies, such as the European Food Safety Authority (EFSA), recommend strengthening investigations covered by specific legislation (EFSA Topics).
Biphenyl-2-ol or o-phenylphenol (2-phenylphenol, OPP) and its water-soluble salts (i.e., sodium o-phenylphenate, SOPP) are widely employed in the post-harvest treatment of diseases in fresh fruits and vegetables thanks to their antimicrobial activity. Initially associated with the fungistatic biphenyl used in Citrus fruits to prevent damage during storage and shipment (Gutter and Lattar, 1967), OPP acts against mold and rot as a residual contact substance that disrupts cell walls and cell membranes (EFSA Reasoned opinion, 2017).  Its lipophilic derivatives (i.e., esters and amine complexes) can be incorporated into wax emulsions to reduce OPP phytotoxicity, which precludes some applications, and to provide more selective antimicrobial activity (Eckert, Esuruoso, and Carey, 1979; Gutter and Lattar, 1967). OPP and SOPP have not only been used in agriculture to control fungal and bacterial growth on stored crops, but are still widely used as general surface disinfectants and in packaging materials (CARB, 1997; Patent WO 2021/064075A1). In general, improper use of biocides can affect human health through the skin, inhalation, and oral intake. Information on the toxicity of OPP and SOPP is limited. The European Food Safety Authority EFSA (EFSA Reasoned Opinion 2017) and the World Health Organization (WHO) (World Health Organization, 2000) have reported a consumer risk assessment, based on existing CXLs (codex maximum residue limit), with an ADI (acceptable daily intake) of 0.4 mg/kg of body weight (EFSA Scientific Report, 2008). 
Its incredibly widespread consumption makes coffee one of the world’s most important agricultural commodities, and pre- and post-harvest management activities are closely related to quality and safety. Following harvesting, coffee cherries go through a complex series of processing steps involving de-pulping, drying, hulling, cleaning, sorting, storage, roasting, grinding and cupping, among others. In order to avoid undesired fermentation, dried green coffee beans must have a residual moisture content of 8–12% (Haile and Kang, 2019; http://www.ico.org/projects/good-hygiene-practices/cnt/cnt_sp/sec_2/docs_2.1/ICO.pdf). The lipidic profile is a key element in coffee authentication, with nine free fatty acids, evenly distributed between Robusta and Arabica species, being identified. In particular, a comparison of the contents of stearic and oleic acid allows the two species to be identified; stearic acid content is much lower than oleic in Robusta, while the percentages of these two acids in Arabica are almost equal (Farah, 2019).
Coffee is considered to be a rich source of phenolic compounds whose profile is strongly affected by roasting processes (Ky et al., 2001) which can cause substantial losses (up to 95% of chlorogenic acids) (Farah, 2019). Despite this, OPP cannot be considered a natural phenol because it is not a component of any food.  
Although the control of pests and diseases in coffee crops requires the well-regulated use of selective insecticides, fungicides and herbicides, OPP and SOPP are not listed among the pesticides for use on coffee beans, as regulated by the UE (European Commission MRLs Coffee beans, https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/products/?event=details&p=244; Farah, 2019). In particular, EFSA has published a reasoned opinion on the review of the existing MRLs, in accordance with Article 12 (1) of Regulation (EC) No. 396/2005 (EFSA Reasoned Opinion 2017), recommending that the residue definition for plant products be modified and that the MRL for OPP should be 0.05 mg/kg for coffee beans. 
As far as we know, OPP is detected by standard pesticide residue analysis methods only after coffee roasting and never in green beans. Theurillat et al., (Theurillat, Laborie and Schenk, 2022) have recently ruled out the possibility that the traces of OPP found in roasted coffee are caused by the possible use of the fungicide on green coffee and packaging contamination. The authors assigned the presence of OPP in coffee to its generation during roasting, with content increasing with roasting degree. This conclusion has been supported by that facts that no OPP was detected in green coffee beans and by the differing amounts of the pesticide found in Arabica (slightly higher) and Robusta samples, indicating that production is species dependent. Nevertheless, no possible chemical pathway for OPP generation during roasting has been reported, and it is assessed that the transfer rate of the fungicide into the coffee brew is low (16%).
The occurrence of OPP residues in green and roasted coffee beans has been investigated in this work due to its use as an antimicrobial agent in a variety of applications and its potential as a foodstuff contaminant (Coelhan, Bromig, Glas, and Roberts, 2006). Specifically, the aim was to demonstrate that the OPP found in roasted coffee beans can only derive from the accidental or technically unavoidable contamination of green coffee during its processing chain, and that this contamination cannot be detected in green beans using the common analytical methods for pesticide residues due to the generation of OPP conjugates. In addition to green and industrial roasted coffee samples, this study also considers green coffee beans that were heated in a laboratory oven in order to monitor the development of OPP in relation to temperature. An analytical procedure that is based on QuEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) for pesticide multiresidue determination has been optimized and OPP has been quantified by UPLC-MS/MS.

2. Materials and methods
2.1. Chemicals and coffee samples
o-phenylphenol (OPP, Pestanal grade) for standard solutions, formic acid (for LC-MS LiChropurTM), sulfuric acid 5N (Titripur®), sodium hydroxide 5N solution, hydrochloric acid 3N solution, sodium bicarbonate (ACS reagent), anhydrous sodium sulfate (ACS reagent), 4-(dimethylamino)pyridine (DMAP, reagent plus®), N,N′-dicyclohexylcarbodiimide (DCC, ACS reagent), diethyl ether (suitable for HPLC ≥99.9%), methanol (suitable for HPLC ≥99.9%), hexane (puriss. p.a. ≥99%), ethyl acetate (HPLC Plus ≥99.9%), petroleum ether (ACS reagent), dichloromethane (ACS reagent) and acetonitrile (suitable for HPLC ≥99.9%) were purchased from Sigma-Aldrich (Sigma-Aldrich, Milan, Italy). 
Commercial available samples of green and roasted coffee beans belonging to the two species Arabica and Robusta with different geographical origin, named Arabica (Brazil) and Robusta (Vietnam), were investigated.
DisQuE QuEChERS cartridges (150 mg of MgSO4, 25 mg of PSA, 25 mg of C18 and 7 mg of GCB, 15 mL dispersive solid phase extraction (d-SPE) tube, 50/pk) used for coffee sample preparation were purchased from Waters SpA (Sesto San Giovanni, Milan, Italy).

2.2. Green and roasted-coffee sample preparation for OPP analysis
Tests on both green and roasted coffee beans of the Arabica (Brazil) and Robusta (Vietnam) species were carried out on 200 g of ground matrix. Different roasting degrees were investigated for both species. Specifically, the sample coloring grade was defined as follows:  45 (darker), 50, 55 and 60 (lighter). Each sample was transferred into a 1 L flask and 400 mL of acetonitrile was added. The mixture was submitted to mechanical stirring at room temperature for 30 minutes and then filtered under vacuum. The filtrate volume was reduced to 8 mL under vacuum, transferred to a d-SPE tube for clean-up and the sample was then shaken using a Vortex for 1 min. The d-SPE tube was then centrifuged for 10 min at 5000 rpm (Hettich ROTOFIX 32 centrifuge), and the supernatant was evaporated under vacuum. The residue was solubilized in 0.5 mL of eluent (acetonitrile with 0.1% v/v formic acid), filtered through a 0.45 μm filter and transferred into a vial for UPLC-MS/MS analysis.
An OPP recovery of about 99.9% was achieved for both the green and roasted ground coffee samples that were spiked with the OPP standard to final concentrations of 0.5 mg/kg and 0.25 mg/kg, respectively, before the extraction and clean up procedures. 

2.3. Thermal treatment of green coffee beans 
200 g of Arabica (Brazil) and Robusta (Vietnam) green coffee beans were heated in a laboratory oven (G-Therm AG-System Daily, F.lli Galli, Fizzonasco di Pieve Emanuele, Milan, Italy) for 1 hour at different temperatures. Tests were performed at: 120, 150, 180 and 220 °C. Samples were then analyzed according to the procedure reported in paragraph 2.2.
The procedure was performed in triplicate for each temperature, and data are reported as mean value ± standard deviation (SD).

2.4. Solvent extraction of green coffee beans and thermal treatment of obtained extracts
Extractions were performed on Arabica (Brazil) green beans with solvents of different polarities (hexane, ethyl acetate, acetonitrile, methanol, water). For each test, 200 g of matrix was transferred into a 1 L flask, 400 mL of solvent was added, the solution was submitted to mechanical stirring at room temperature for 30 minutes and then filtered on filter paper. The filtrates were evaporated under vacuum and water extracts were lyophilized. Extraction yields: 18.92 ±1.83 g/kg for hexane; 15.36 ±1.5 g/kg for ethyl acetate; 12.83 ±1.3 g/kg for acetonitrile; 13.61 ± 0.94 g/kg for methanol; 13.61 ±1.5 g/kg for water. 
Each obtained residue was suspended in 8 mL of acetonitrile, and the procedure described in paragraph 2.2. was followed before UPLC-MS/MS analysis. 
The same protocol was used to obtain extracts that were subsequently heated for 1 hour in the laboratory oven prior to the sample preparation procedure (see paragraph 2.2.) and UPLC-MS/MS analysis. In accordance with previous trials (see paragraph 2.3.), thermal treatment was performed at 180°C, both with and without the addition of water (10%w/w). 
The extraction procedure with hexane, followed by extract heating at 180°C for 1 h with the 10% w/w addition of water, was also carried out on 200 g of ground and roasted Arabica (roasting degree 60). Extraction yields: 12.87 ±1.94 g/kg.
Each test was performed in triplicate and data are reported as mean value ± standard deviation (SD).

2.5. OPP analysis on coffee brew
Coffee brewing was achieved using the percolation method on 200 g of Arabica ground and roasted coffee (roasting degree 60) with 400 mL of boiling water, for subsequent lyophilization. The obtained residue was then submitted to sample preparation according to the procedure described in paragraph 2.2. and then analyzed via UPLC-MS/MS. The same coffee brew preparation was carried out in order to submit the lyophilized sample to hydrolysis as described in paragraph 2.6.4.
The procedure was performed in triplicate and data are reported as mean value ± standard deviation (SD).

2.6. Hydrolysis of “OPP-conjugates” 
2.6.1. Arabica green coffee hydrolysis 
200 g of both ground and whole Arabica green coffee beans were transferred into a 1 L flask, and 400 mL of solvent (acetonitrile or methanol) and the NaOH 5M solution were added until pH=12 was reached. Each mixture was stirred for 1 h either at room temperature or 70°C, and then the sulfuric acid 5N solution was added to reach pH=5 and the solution was filtered on filter paper. The obtained filtrate was evaporated under vacuum and the residue was analyzed according to procedure 2.2.
The samples were analyzed in triplicate and data are reported as mean value ± standard deviation (SD).

2.6.2. Hydrolysis of hexane extracts 
The gummy residue obtained from Arabica green coffee extraction with hexane (as reported in paragraph 2.4.) was transferred into a 500 mL flask with the minimal technical addition of diethyl ether, and 200 mL of methanol and a NaOH 5M solution were then added until pH=12 was reached. The mixture was stirred for 1 h at 70°C, and then the sulfuric acid 5N solution was added to reach pH=5 before filtration on filter paper. The obtained filtrate was evaporated under vacuum and the residue was analyzed according to procedure 2.2.
The same treatment was used for the roasted coffee hexane extracts obtained from Arabica samples (roasting degree 60).
The samples were analyzed in triplicate and data are reported as mean value ± standard deviation (SD).

2.6.3. Hydrolysis of roasted ground coffee 
200 g of Arabica ground and roasted coffee (roasting degree 60) was transferred into a 1 L flask and 400 mL of solvent (acetonitrile or methanol) and the NaOH 5M solution were added until pH=12 was reached. The mixture was stirred for 1 h at 70°C, and a sulfuric acid 5N solution was then added to reach pH=5 before filtration on filter paper. The obtained filtrate was evaporated under vacuum and the residue was analyzed according to procedure 2.2.
The sample was analyzed in triplicate and data are reported as mean value ± standard deviation (SD).

2.6.4. Hydrolysis of coffee brew 
The coffee brew obtained by following procedure 2.5 was freeze-dried and the residue was transferred into a 500 mL flask, and 200 mL of methanol and the NaOH 5M solution were added until pH=12 was reached. The mixture was stirred for 1 h at 70°C, and then a sulfuric acid 5N solution was added to reach pH=5 before filtration on filter paper. The obtained filtrate was evaporated under vacuum and the residue was analyzed according to procedure 2.2.
The sample was analyzed in triplicate and data are reported as mean value ± standard deviation (SD).

2.6.5. Hydrolysis of instant coffee 
200 g of instant coffee were transferred into a 1 L flask and 400 mL of methanol and a NaOH 5M solution were added until pH=12 was reached. The mixture was stirred for 1 h at 70°C, and then a sulfuric acid 5N solution was added to reach pH=5 before filtration on filter paper. The obtained filtrate was evaporated under vacuum and the residue was analyzed according to procedure 2.2.
The sample was analyzed in triplicate and data are reported as mean value ± standard deviation (SD).

2.7. o-Phenylphenyl stearate synthesis
In accordance with the procedure reported by Neises and Steglich (1978), 10 mg of DMAP (4-(dimethylamino)pyridine) and 119 mg (0.7 mmol) of o-phenylphenol were added to a stirred solution of stearic acid (200 mg, 0.7 mmol) in 10 mL of CH2Cl2. 174 mg (0.8 mmol) of DCC (N,N′-dicyclohexylcarbodiimide) were added at 0°C and the mixture was stirred for 3 hours at room temperature. The reaction was filtered and washed twice with 0.5 M HCl and saturated NaHCO3 solution, and then dried over anhydrous NaSO4 and filtered. The solvent was removed by evaporation, the product was purified on a silica column (petroleum ether/ethyl acetate 9:1) and the product was characterized by 1H-NMR (Jeol ECZ-R Spectometer, 600 MHz) and FT-IR (PerkinElmer, Spectrum Two UATR). Yield: 68%.1H-NMR (CDCl3):  7.49-7.44 (m, 4H), 7.40-7.36 (m, 1H), 7.25-7.22 (m, 2H), 6.98 (d, 2H), 2.38 (t, 1H), 2.15 (s, 8H), 1,95-1,57 (m, 6H), 1,23 (s, 18H) 0,86 (t, 2H).
FT-IR cm-1: 2964 (s), 2917, 1760 (s), 1590, 1314, 1294.

2.7.1. Analysis of Green Arabica (Brazil) spiked with o-phenylphenyl stearate 
200 g of Arabica ground green coffee beans was transferred into a 1 L flask and suspended in 200 mL of diethyl ether under stirring. Then, 496 μl of the 5 mg/100 mL o-phenylphenyl stearate diethyl ether solution was added, corresponding to a final ester concentration of 124 μg/kg (i.e., 48 μg/kg of OPP). After solvent evaporation, the green coffee sample was submitted to hexane extraction (procedure 2.4.) and the residue was hydrolyzed according to the procedure reported in paragraph 2.6.2.
The obtained sample was then analyzed via UPLC-MS/MS (paragraph 2.2.).
The procedure was performed in triplicate and data is reported as mean value ± standard deviation (SD).

2.8. Instrumental analysis
Analyses were performed using a UPLC-MS/MS system (Acquity TQD LC/MS/MS System, Waters Corporation, Milford, MA, USA), equipped with a C8 column (BEH C8, 2.1 × 50 mm, 1.7 μm). A linear gradient elution with water (solvent A) and acetonitrile (solvent B), both acidified with 0.1% formic acid, was carried out at 40°C. The gradient was from 70% solvent A to 50% over 1.3 min, then to 100% solvent B in 0.43 min, and this was held for 2 min at a flow rate of 0.4 ml min−1.
The positive electrospray ionization mode (ES+) was employed for determination, following the transitions m/z = 171 -> 152 (quantification) and m/z = 171 -> 69 (qualitative confirmation of the peak), using 23 eV as the collision energy and 30 V as the cone voltage for both ions. The two transitions were selected after a screening of all daughters detectable under different collision conditions, and the transition 171 -> 152 was the most intense signal observed. The calibration curve of the UPLC-MS/MS method was determined using OPP standard solutions in acetonitrile (from 2 to 10 µg/mL); a linear regression with R2 = 0.9996 was obtained using Waters QuanLynx software (LOD 2 µg/mL, LOQ 5 µg/mL).

3. Results and discussion

3.1. OPP analysis via a QuEChERS-based method in green and industrially roasted coffee 
   
Despite the presence of phenolic compounds in green coffee beans, the possible chemical pathway for the formation of OPP from precursors naturally present during roasting is difficult to define. This work therefore attempts to explain the presence of OPP in coffee by considering the possibility of accidental or technically unavoidable contamination during green coffee processing.
In the case of lipophilic pesticides, such as OPP, sample preparation is essential in their tendency to concentrate in the fatty fraction of the vegetal matrix, and this may have an effect on acceptable recoveries because of co-extract coffee components and adducts between the pesticide and the fatty fraction. 
Sample preparation for OPP determination in both green and roasted coffee was performed using a QuEChERS-based method. This is a simple procedure for the efficient detection of multiple pesticide residues in food (Anastassiades, Lehotay, Stajnbaher and Schenck, 2003) that provides cleaner, enriched samples, which is of primary importance in complex matrixes, such as coffee, and because of the low residue levels of biocides required by authority regulations (Huertas-Pérez et al., 2019). Firstly, this procedure involves matrix extraction with acetonitrile and then a clean-up step via dispersive solid-phase extraction (d-SPE) to remove interfering components. Primary secondary amine (PSA), which has been reported as an effective sorbent for the removal of polar organic acids, fatty acids, polar pigments and some sugars, and the C18 sorbent, employed for non-polar interfering substances as lipids, were used for sample purification (Harmoko, Kartasasmita and Tresnawati, 2015). In recent years, QuEChERS has been evaluated on a large number of commodity/pesticide combinations, using GC, GC-MS(/MS) and/or LC-MS(/MS) analyses (European Standard Method EN 15662:2018; Theurillat, Dubois and Huertas-Pérez, 2021). Because of the very low OPP concentrations, samples were prepared from 200 g of the both green and roasted coffees. A Triple Quadrupole System equipped with a collision cell integrated into an UPLC-ESI-MS/MS instrument was employed for the analysis thanks to its high sensitivity and selectivity. An example of the chromatogram obtained by UPLC-MS/MS analysis of a roasted coffee sample is reported in Figure 1. 
[image: ]
Figure 1. Example of a chromatogram obtained in the UPLC-MS/MS detection of OPP in roasted coffee samples (Arabica, Brazil).

Arabica (Brazil) and Robusta (Vietnam) green coffee beans and their related roasted samples, with different roasting degrees, were analyzed; the roasting degrees are defined by ground sample color and identified with a number on a scale between 45 (darker) to 60 (lighter). As reported in Table 1, the data show higher biocide content in samples subjected to lighter roasting, while no OPP was detected in the green samples. Moreover, a comparison of the two species showed that higher levels are found in Robusta samples than in Arabica, especially at the degrees of roasting identified, 55 and 60 (32.1 μg/kg vs 16.4 μg/kg and 34.2 μg/kg vs 17.1 μg/kg, respectively).

Table 1. OPP concentration in ground green and industrially roasted coffee analyzed via the QuEChERS-method and UPLC-MS/MS.
	Roasting degree
	Arabica μg/kg (±SD)
	Robusta μg/kg (±SD)

	Dark (45)
	11.3 (±0.3)
	traces

	Medium dark (50)
	11.8 (±0.2)
	12.5 (±0.2)

	Medium light (55)
	16.4 (±0.5)
	32.1 (±0.6)

	Light (60)
	17.1 (±0.1)
	34.2 (±0.8)

	Green coffee 
	-
	-




The results were in complete agreement with those of Theurillat et al. (2022), who found OPP concentrations ranging from ˂10 μg/kg to 46 μg/kg in commercial roasted coffee. However, some differences were noted with the data shown here, as they reported an OPP increase with roasting degree and higher values for the Arabica species.

3.2. Isothermal heating of Arabica and Robusta green coffee beans 
To better understand the correlation between OPP detection and thermal treatment, Arabica and Robusta green coffees were subjected to isothermal heating in a laboratory oven. Using industrial roasting temperatures, tests were carried out for 1 hour at: 120 ºC, 150 ºC, 180 ºC and 220 ºC. The residence time of the samples in the oven was opportunely selected, according to previous tests, to obtain a compromise between monitoring the OPP and not excessively prolonging the treatment. After heating, the beans were ground, in order to maximize the extractable surface, and were then analyzed according to the procedure described above. The graph reported in Figure 2 shows the mean values of OPP amount found at every thermal condition, with each calculated over three repetitions of the treatment.

 
Figure 2. OPP concentration detected via the QuEChERS-method and UPLC-MS/MS in thermally treated Arabica (Brazil) and Robusta (Vietnam) green coffee samples. The treatment was carried out in a laboratory oven for 1 hour. 

The obtained results show a significant increase in the OPP values in both species at 150 °C (Robusta 4.8 μg/kg, Arabica 3.8 μg/kg) and especially at 180 °C (Robusta 8.4 μg/kg, Arabica 7.2 μg/kg). Although the heating conditions were useful in making a correlation between OPP detection and temperature, the lower levels of fungicide found in these trials, compared to industrially roasted samples, can be attributed to the different levels of thermal shock suffered by the beans in the roaster (Farah, 2019). As regards the comparison between the two species Arabica and Robusta, the trend previously established in the industrially roasted coffees is confirmed here.
A EURL-SRM (EU reference Laboratories for Residues of Pesticides) report assessed that pesticides bearing reactive chemical groups, such as carboxy-, amino- and phenol groups, tend to form covalent bonds with primary or secondary plant metabolites, generating compounds commonly defined as “conjugates” or “conjugate residues”. The plant’s amino acids, sugars, alcohols and fatty acids may be involved in this kind of conjugation and the original biocide may be released when hydrolysis processes occur. It follows that the presence of conjugates such as ester compounds must to be considered when setting pesticide residue definitions, and that any analysis procedure must provide for the breakup of conjugates. An alkaline hydrolysis step before the QuEChERS-based method has also been suggested for this purpose in the case of OPP. These considerations may provide a rationale for the non-detection of OPP in green coffee, despite this matrix not being specifically reported in the aforementioned EURL-SRM analytical observation. We then carried out a test by subjecting the non-roasted samples (both whole and ground beans) to basic hydrolysis under mild conditions; the addition of the 5N NaOH solution (to reach a pH of 12/13) to the QuEChERS protocol, which involves the use of acetonitrile as extracting solvent. The hydrolysis, carried out at room temperature and at 70 °C for 1 hour, followed by base neutralization via the addition of the sulfuric acid 5N solution, did not provide the desired results as the subsequent analyses were negative for the presence of OPP.

3.3. OPP-conjugates and their influence on OPP quantification 
The coffee bean surface is covered by a thin layer made of wax that makes up 0.2-0.3% of its total weight (Folstar, 1985; Speer and Kölling-Speer, 2006). Assuming that OPP interacts with the components of this outermost layer, we performed an extraction of green coffee beans, without grinding at room temperature, for 30 min with hexane and, for the sake of comparison, with ethyl acetate, acetonitrile, methanol and water in order to obtain possible “OPP-conjugates”. To evaluate the sensitivity and efficiency of the method, tests were carried out on Arabica coffee as it showed lower OPP content in its roasted samples. All of the dry extracts were found to be negative for OPP when subjected to the QuEChERS method, both directly and after heating for one hour at 180 °C, i.e., the temperature that led to the maximum detection of the fungicide under our heating conditions (Figure 2). However, it was only possible to detect OPP in the less polar extracts when water was added before heat treatment. The water amount was 10% w/w (named wet heat), which is related to the natural moisture content of green coffee beans. The heating and reconstruction of the humidity of green coffee is therefore a necessary condition for detecting OPP. Moreover, under the same conditions, higher concentrations of OPP were found in hexane (5.9 μg/kg), ethyl acetate (1.8 μg/kg), and acetonitrile (traces), whereas this compound was not detected in methanol and water. This evidence confirms the hypothesis that the fungicide conjugates are localized in the lipophilic layer of coffee. 
The exhaustiveness of the extraction method described above was confirmed by an analysis with a negative OPP result, which was obtained by heating (1h, 180 °C) green coffee beans that had previously been treated with hexane. 
Since the extracts in methanol are rich in phenolic compounds (Oliveira, Silva, Santos and Queiroz, 2019), it is interesting to note that the presence of OPP was not observed in these trials, thus leading to the conclusion that its origin may not be linked to its generation from precursors that are naturally present in green coffee beans.
The possibility of OPP contamination being limited to the beans outermost layer was further confirmed by the repetition of the extraction in hexane, and its "wet heat" treatment, on ground green coffee samples to allow exhaustive extraction to be performed. This trial provided analytical results comparable to those obtained with whole grains (6.3 ±0.3 μg/kg). 
Based on the EURL-SRM report (EU reference Laboratories for Residues of Pesticides), the preliminary hydrolytic procedure that was performed at pH 12 in acetonitrile (70 °C, 1h) on the dry hexane extract was surely found to be negative for OPP because of its insolubility in this solvent. The procedure was therefore repeated in methanol, and the analysis of the neutralized sample treated using the QuEChERS-based method made it possible to detect OPP at a concentration of 34.8 μg/kg. This result confirms that OPP is present in green coffee as lipophilic conjugates that undergo partial degradation during roasting. As the OPP levels previously detected on the corresponding industrially roasted coffee samples (17.1 μg/kg for roasting degree 60, Table 1) can now be considered underestimated, the hexane extraction and subsequent hydrolysis in methanol were carried out on the same sample, giving a concentration of 32.2 μg/kg. This result may demonstrate that, for full OPP quantification, it is necessary to proceed with the breakup of its “conjugates”. It is worth noting that, without detracting from the efficiency of the multi-residual analytical methods, in the case of a complex matrix such as coffee, preliminary sample treatment with hexane is a key step in extracting lipophilic OPP-conjugates. In fact, only the direct hydrolysis of roasted coffee in methanol provided OPP detection of 24.8 μg/kg. Finally, the same increase in OPP concentration (64.8 ±0.4 μg/kg vs 34.2 ±0.6 μg/kg) was detected when the modified sample preparation procedure was applied, for the sake of comparison between the two species, on the Robusta sample with a roasting degree 60.
In Figure 3, it is possible to observe the influence of sample preparation on the detected OPP levels in both green and roasted samples, and that the optimized procedure (extraction with hexane, basic hydrolysis in methanol, neutralization, QuEChERS and UPLC-MS/MS) allows comparable results to be obtained for Arabica samples both before and after the roasting process. It is also evident that roasting only causes partial hydrolysis in the OPP-conjugates, with the quantity that is detected using the simple QuEChERS method only corresponding to ⁓50% of the total amount.


Figure 3. OPP amount (μg/kg) in green vs roasted Arabica coffee according to sample preparation method and UPLC-MS/MS analysis.

The possibility that OPP-conjugates may be ester compounds formed from the fungicide and free fatty acids present in green coffee beans (Speer and Kölling-Speer, 2006) was investigated by synthesizing o-phenylphenyl stearate and adding this compound to a sample of Arabica ground green coffee, at a concentration of 124 μg/kg (i.e. 48 μg/kg of OPP), before subjecting the sample to the above-described procedure. The UPLC-MS/MS analysis of the obtained sample revealed an increase in OPP amount, at 41.5 μg/kg (86% of o-phenylphenyl stearate conversion), thus confirming that the conditions for the extraction in hexane and the basic hydrolysis are sufficient to achieve a reasonable release of the fungicide from this kind of conjugate.

3.4. OPP transfer into coffee brew 
In order to estimate the possible transfer of OPP into the coffee brew, the beverage was prepared by percolation using the same sample of Arabica roasted coffee (roasting degree 60), and was subjected to freeze-drying. The residue was then solubilized in methanol and hydrolyzed at pH 12 before the QuEChERS procedure, and the analysis observed no OPP, thus demonstrating that there is no risk of OPP exposure for coffee beverage consumers.
For comparison, a commercial sample of soluble coffee was also tested with the direct hydrolysis procedure, and the previous observation of an absence of OPP was therefore corroborated.

4. Conclusions
The low MRLs of biocides required by authority regulations have prompted the development of more reliable and sensitive analytical methods for monitoring residues in food and beverages. Coffee is one of the most widely consumed commodities in the world, and the complexity of this matrix requires specific sample enrichment methods, such as QuEChERS, for both green and roasted samples. OPP is a postharvest fungicide that is not specifically indicated for coffee bean preservation. To the best of our knowledge, traces of OPP have been found in roasted coffee, but never in a green sample, although it is highly unlikely that it this fungicide forms during roasting from precursors that are naturally present in coffee. Like other pesticides with reactive functional groups, OPP can potentially form from lipophilic conjugates that can mask its presence. It follows that multiresidue analytical methods may lead to an underestimation of OPP amount if they are inefficient with respect to the conjugates. The importance of extraction with a nonpolar solvent, such as hexane, before the hydrolytic step at pH 12 and the QuEChERS method in quantitatively recovering these adducts from coffee samples has been demonstrated. Moreover, the appropriate choice of methanol for the hydrolysis step was crucial in obtaining the correct quantification of the pesticide by UPLC-MS/MS, not only for green coffee but also for roasted samples. Indeed, the effect of the roasting process on the OPP-conjugates is not sufficient to release OPP completely, meaning that that the pesticide is underestimated by about 50% in roasted samples. When using the optimized method on the same samples of green and industrially roasted Arabica, comparable levels of OPP were determined in both matrices, 34.8 μg/kg and 32.2 μg/kg, respectively. 
In order to verify possible OPP transfer to the coffee brew, the beverage obtained by percolation and commercial soluble coffee were tested, giving negative results for OPP. The data reported in this work suggest that there is no significant safety risk to consumers of coffee/coffee brew, as the detected OPP residue levels contribute minimally to the ADI of 0.4 mg/kg body weight. Furthermore, since there is no specific evidence for the use of this biocide in coffee, its detection may be due to accidental or technically unavoidable contamination during green coffee production.
Further studies on the correlation between OPP content, roasting degree and different varieties are being conducted.
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120°C	150°C	180°C	220°C	0	4.8	8.4	0.9302866666666666	
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